Immunoglobulin class switching occurs as a result of recombination between pairs of switch region sequences located 5Ј to each constant heavy chain gene except C␦. In the B cell neoplasm multiple myeloma, tumour cells have generally undergone class switching and often contain oncogenic sequences translocated into switch regions, presumably as a result of aberrant switch recombination. We have developed a method (LDV-PCR) which combines long distance PCR with one-sided vectorette PCR that is capable of detecting and isolating both normal and aberrant switch recombination breakpoints from multiple myeloma cell lines and primary multiple myeloma tumour material. Using LDV-PCR we have directly cloned the translocation breakpoints present in two multiple myeloma cell lines and isolated a normal productive switch recombination event from a primary tumour. Furthermore, we have isolated a novel translocation t(14;22)(q32;q12) from a primary tumour sample and have demonstrated that internal deletions within switch regions can occur in multiple myeloma cells. Compared to a Southern blotting approach, LDV-PCR is simpler and more rapid to perform, allows the simultaneous detection and isolation of recombination events, and can also be applied to amounts of DNA which are too low to permit the conventional cloning of recombination breakpoints.
Introduction
B lymphocytes express antigen-binding immunoglobulins (Igs) as complexes containing heavy and light chain components. Ig heavy chains consist of a variable region, produced by the recombination of multiple gene segments, which is involved in antigen recognition, and a constant region which defines the class and biological function of the molecule. 1 In humans, the Ig heavy chain gene locus is located on chromosome 14q32 and contains nine functional constant region genes, encoding five isotype classes (IgM, IgD, IgG1-4, IgA1-2 and IgE), located centromeric to the variable encoding VDJ region ( Figure 1a) .
Newly developed B cells initially express IgM (IgD is generally co-expressed with IgM as a result of mRNA differential splicing). However, after contact with antigen, they are capable of switching class from IgM/IgD to either IgG1-4, IgA1-2 or IgE, via a process which occurs in the germinal centres of lymphoid follicles. [2] [3] [4] This switch of heavy chain isotype is achieved by a DNA recombination event involving switch (S) regions, segments of DNA several kilobases in size which lie 5Ј to each constant region gene except C␦ and consist of multiple G/C-rich pentameric repeats. Legitimate recombination between an upstream S region (generally S) and a downstream S region results in deletion of the intervening DNA, Correspondence: G Morgan; Fax: 0113 2333404 *Joint first authors Received 7 January 1999; accepted 13 April 1999 normally in the form of a circle, and the repositioning of an unchanged VDJ region in front of a new constant region. [5] [6] [7] Chromosomal translocations involving the IgH locus at 14q32 are commonly seen in a variety of B cell neoplasms. 8 It is believed that such rearrangements cause overexpression of oncogenes as a result of their coupling to strong enhancer/locus control region (LCR) sequences present within the IgH region. Examples include translocation of the c-myc gene by t(8;14)(q24;q32) in Burkitt's lymphoma 9 and translocation of the BCL 1/cyclin D1 locus by t(11;14)(q13;q32) in mantle cell lymphoma. 10 Multiple myeloma (MM) is a B cell neoplasm, the clinical features of which result from the accumulation of a single clone of Ig producing plasma cells in the bone marrow. 11 Despite the fact that cytogenetic analyses in MM are difficult to perform, probably due to the low proliferation rate of malignant plasma cells, 14q32 translocations have been identified in 20-60% of cytogenetically abnormal cases. [12] [13] [14] Furthermore, a more sensitive FISH assay of MM tumours has revealed 14q32 translocation in up to 74% of cases. 15 These translocations appear to involve a promiscuous array of partner chromosomes, although to date, the actual identity of many of these partners remains to be defined.
In contrast to many B cell tumours where translocations involving 14q32 generally occur within the VDJ region, rearrangements at 14q32 in MM appear to cluster within switch region sequences, probably as a result of aberrant (illegitimate) switch recombination. 16, 17 This is consistent with MM being a post germinal centre B cell neoplasm in which the cell of origin has passed through the stage of development when class switch recombination is active. Recently, several groups have developed genomic Southern blot assays capable of detecting illegitimate translocations into switch region sequences in MM. [16] [17] [18] [19] [20] Several of these identified breakpoints have been cloned mainly from MM cell lines but also from a smaller number of primary tumour samples. Analysis of these breakpoints has identified several putative oncogenic sequences that are translocated and concomitantly overexpressed including BCL1/cyclin D1, 16, 17 FGFR3, 20, 21 and cmaf. 22 However, it is clear that a significant number of translocation breakpoints remain to be identified. We have developed a vectorette-based long distance PCR strategy (LDV-PCR: see Methods) using primers which bind 3Ј to S region sequences to successfully isolate legitimate and illegitimate switch recombination breakpoints from both MM cell lines and primary MM tumour material. Due to the orientation of the IgH locus with respect to the centromere of chromosome 14, primers flanking the 3Ј sides of S regions should detect the 14q+ component of any illegitimate recombination event (Figure 1b and 1c) . This assay is more simple and rapid to perform than Southern blotting and allows the simultaneous detection and isolation of recombination breakpoint regions. Additionally, the technique can be applied to levels of DNA which are too low to permit Southern blotting and the sub- Diagram of the IgH locus showing the location of primers used in LDV-PCR. (a) Map of the IgH locus following VDJ recombination but prior to switch recombination. In B cells, functional heavy chain is expressed from just one of the two copies of the IgH locus present (the productive allele). (b) Diagram indicating the location of nested primer pairs m1:m2, g1:g2 and a1:a2 relative to switch repeat regions , ␥1-4 and ␣1-2, respectively. Due to strong sequence homology primer pair g1:g2 binds 3Ј to S␥1-4, and primer pair a1:a2 binds 3Ј to both S␣1 and S␣2. (c) Schematic diagram detailing the generation of possible LDV-PCR products for primer pair g1:g2. Germline DNA or recombined DNA is digested with restriction enzyme R and vectorette units V are ligated. Two rounds of nested PCR using primers directed towards V in combination with g1 and g2 generate LDV-PCR products containing the DNA between g2 and the closest 5Ј recognition site for R. sequent generation of genomic libraries for conventional cloning.
Materials and methods

Cell culture
Human MM cell lines JJN3 and U266B1 were grown (37°C, 5% Co 2 ) in RPMI 1640 medium containing glutamax-1 (GIBCO BRL, Paisley, UK) and supplemented with 10% heatinactivated fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were maintained in culture at densities between 0.5 and 1.5 × 10 6 cells/ml.
Preparation of genomic DNA
High molecular weight genomic DNA was prepared from MM cell lines and MM patient samples by proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation as described by Sambrook et al. 23 Peripheral blood samples and bone marrow aspirates were collected from MM patients in EDTA.
Construction of vectorette libraries
Standard PCR requires sequence information from both ends of the fragment to be amplified. Vectorette PCR is a method which allows DNA fragments to be amplified when the sequence of only one end is known. 24 Such one-sided PCR allows the amplification of any uncharacterised sequence adjacent to a known region. The technique works by ligating short synthetic double-stranded oligonucleotide linkers (termed vectorette units, these are identical in core sequence but are made with ends compatible for different restriction enzymes) to DNA which has been digested with a particular restriction enzyme. Two rounds of nested PCR can then be performed using primers directed towards these vectorette units in combination with known sequence-specific primers. This generates a PCR product containing the DNA between the inner specific primer and the closest recognition site for the enzyme used for target DNA digestion.
Specifically, we digested 1 g of target genomic DNA separately with 20 U of BamHI, ClaI, EcoRI, HindIII, PvuII and RsaI in a 50 l reaction volume as recommended by the enzyme manufacturer (GIBCO BRL). Ligation of the appropriate vectorette unit (Genosys Biotechnologies, Pampisford, UK) to the digested DNA was then achieved by the addition of 3 pmol vectorette units, 1 l 100 mm ATP, 1 l 100 mm DTT, and 1 U T4 DNA ligase (GIBCO BRL), and incubation at 20°C for 60 min followed by 37°C for 30 min. This temperature cyc-ling was repeated three times in total. Restriction enzyme binding sites are reformed when target DNA fragments ligate to each other but not when they ligate to the appropriate vectorette unit, and therefore this temperature cycling increases the proportion of target DNA correctly linked to vectorette units. After incubation, 200 l of sterile water was added to the reaction and the resulting vectorette library stored in aliquots at −20°C.
PCR primers and long distance PCR amplification of vectorette libraries (LDV-PCR)
Primers were designed to bind to the 3Ј flanking sequences of S, 25 S␥1-4, 26 and S␣1-2. 27,28 Primers m1 (5Ј-TGT-CAGGGCTGAGTGGCGTTC-3Ј) and m2 (5Ј-CGTTCTGAGT-GCCCTCACTACTTG-3Ј) anneal 3Ј of S, primers g1 (5Ј-TCCCAGTGTCCTGCATTACTTC-3Ј) and g2 (5Ј-TTCTGG-AGGCTCAGTCACCAC-3Ј) anneal 3Ј of S␥1-4, and primers a1 (5Ј-AACCCAGCACAGAGAGGCCT-3Ј) and a2 (5Ј-AGA-GAGGCCTGGTGACAGCC-3Ј) anneal 3Ј of S␣1-2. Primers m1, g1 and a1 were used separately in combination with a vectorette unit binding primer (Genosys) to amplify vectorette libraries. Each PCR reaction contained 200 m each dNTP, 60 mm Tris-SO 4 (pH 9.1), 18 mm (NH 4,2 SO 4 1.4 mm MgSO 4 , 12.5 pmoles each primer, 2 l vectorette library, and 1 l Elongase enzyme mix (a mixture of thermostable DNA polymerases optimised for long distance PCR amplification, GIBCO BRL) in a 50 l volume under mineral oil. After an initial incubation at 95°C for 3 min, each reaction was subjected to 30 cycles consisting of 95°C for 45 s, 60°C for 45 s, and 68°C for 5 min. After the final cycle each reaction was incubated at 68°C for 10 min. A second round of nested PCR was performed using primers m2, g2, and a2 in combination with a vectorette unit binding nested primer (Genosys). First round PCR reactions were diluted 1/1000 and 2 l of this dilution was used as a template in PCR reactions performed exactly as detailed above except that 35 cycles were performed.
Cloning and DNA sequence analysis of LDV-PCR products
LDV-PCR amplification products were purified from 1% agarose gels using an Agarose Gel DNA Extraction Kit (Boehringer, Lewes, UK) according to the manufacturer's protocol. Purified fragments were blunt-end cloned into the plasmid pT7Blue using a Perfectly Blunt Cloning Kit (Novagen, Nottingham, UK). Fluorescent DNA sequencing of purified PCR fragments (60-90 ng) using internally hybridising primers, or sequencing of plasmid subclones (300-400 ng) using pUC/M13 universal and reverse sequencing primers was performed using a Dye Terminator Cycle Sequencing Kit (Perkin Elmer, Warrington, UK) and an ABI 373A DNA Sequencer according to the manufacturer's instructions. DNA database homology searches were performed using the BLAST program (NCBI internet site).
Standard DNA amplifications
A 7.5 kb fragment specific for the ␤-globin gene was amplified using the following primers: Beg1 (5Ј-CTGCTGAAAGA-GATGCGGTGG-3Ј) and Beg2 (5Ј-GCACTGGCTTAG-GAGTTGGACT-3Ј), and 35 cycles of the following conditions: denaturation at 95°C for 45 s, annealing at 58°C for 45 s, and extension at 68°C for 8 min. Each 50 l PCR reaction contained 200 m dNTPs, 60 mm Tris-SO 4 (pH 9.1), 18 mm (NH 4 ) 2 SO 4 2 mm MgSO 4 , 12.5 pmoles each primer, 100 ng genomic DNA, and 1 l Elongase. Amplification of genomic DNA sample (100 ng/reaction) or a human monochromosomal somatic cell hybrid DNA panel (40 ng/reaction) 29 was performed using primers gmp0-4 as described above but using 30 cycles of the following conditions: 95°C for 30 s, 56°C for 30 s, and 68°C for 30 s.
Results
Development of long distance vectorette-PCR (LDV-PCR) using primers located 3Ј to IgH switch regions
We have designed a strategy which combines ligation of vectorette linker units to restriction endonuclease-digested DNA fragments with long distance PCR (LDV-PCR) to amplify and clone recombination events occurring within IgH locus switch region sequences (Figure 1a ). Due to strong sequence homology around the regions encoding all four ␥ isotypic subclasses and the two ␣ subclasses, seven out of the eight classical switch regions can be screened by LDV-PCR for rearrangements using just three pairs of nested primers (m1:m2, g1:g2 and a1:a2 which bind specifically 3Ј to S, S␥1-4 and S␣1-2 regions, respectively) in combination with a common pair of nested vectorette primers (Figure 1b and  c) . When an appropriate restriction enzyme recognition site is within range, LDV-PCR will amplify a band of predictable size from germline DNA, and in informative cases, a band of different size from DNA template that has been subject to recombination. Sequencing of non-germline bands allows legitimate recombination and illegitimate recombination events to be differentiated (Figure 1c) .
PvuII vectorette libraries were constructed using genomic DNA isolated from myeloma cell lines, myeloma patient blood and bone marrow, and normal blood as a germline control. Nested vectorette-PCR amplification of these libraries with primer paris m1:m2, g1:g2 and a1:a2 produced single bands of the expected size, 250 bp, 750 bp and 610 bp, respectively, indicating that these primers function correctly in vectorette PCR (data not shown). Similarly the predicted sizes of PCR products following nested vectorette-PCR amplification of genomic germline DNA for all six vectorette libraires and the three primer pairs have been calculated (Table  1) . Additionally, DNA isolated from all sources is a suitable template for long distance PCR as amplification with primers (Beg1 and Beg2) which bind within the ␤-globin gene reproducibly generated a 7.5 kb product (data not shown). Long distance PCR and vectorette PCR can be successfully combined as demonstrated by the generation of specific amplification products between approximately 2 kb and 5 kb in size using the 3ЈS, 3ЈS␥ and 3ЈS␣ specific primer pairs and vectorette libraries prepared from MM cell line or patient genomic DNA (Figure 2 and Figure 3, lanes 2, 4 and 6 ).
LDV-PCR amplification of switch region translocations from multiple myeloma cell lines
Two MM cell lines, JJN3 and U266B1, have been previously shown to contain translocations of chromosomes 16 and 11 The predicted size of PCR products after two rounds of LDV-PCR using the six vectorette libraries and primer pairs m1:m2 (), g1:g2 (␥) and al:a2 (␣) are shown to the nearest 10 bp. When an appropriate restriction enzyme recognition site is not within range (Ͼ5 kb) there is no value shown (NA).
Figure 2
LDV-PCR amplification of genomic DNA. HindIII, BamHI and RsaI vectorette libraries were made from genomic DNA isolated from MM patient bone marrow (BM), and MM patient blood (PB). Nested LDV-PCR was performed on these libraries using primer pair g1:g2. PCR products were analysed as described above.
into IgH switch regions and ␣1 respectively using a genomic Southern blot assay. 17 To demonstrate that these same translocation breakpoints could be detected and directly isolated using LDV-PCR, vectorette libraries (BamHI, ClaI, EcoRI, HindIII, PvuII and RsaI) were prepared using genomic DNA isolated from JJN3 cells, U266B1 cells and normal blood, and used in LDV-PCR with primer pairs m1:m2, g1:g2 and a1:a2.
For cell line JJN3, amplification of DNA using primer pair m1:m2 from the ClaI and RsaI vectorette libraries reproducibly gave rise to fragments 5.0 kb and 3.8 kb in size, respectively, which were not produced from the corresponding germline vectorette libraries (Figure 3) . Digestion of the ClaI product with RsaI produced a 3.8 kb product of exactly the same size as the RsaI fragment strongly suggesting that PCR is consistently initiating from the same position ( Figure 3, lane 7) . The JJN3-specific 3.8 kb (RsaI) product was cloned into the vector pT7Blue and subjected to fluorescent DNA sequencing. Sequence from the vectorette end of the fragment matched exactly with that reported as the JJN3 t(14;16)(q32;q23) breakpoint by Bergsagel et al 17 (data not shown). Amplification of the U266B1 EcoRI vectorette library with primer pair a1:a2 produced a 3.5 kb band which was not seen with the germline EcoRI vectorette library (Figure 3) . Direct sequencing of this 3.5 kb fragment with a primer designed to Isolation of translocations into switch region sequences for two MM cell lines. Vectorette libraries were constructed using DNA isolated from normal blood (CONTROL), U266B1 MM cell line (U266), and JJN3 MM cell line (JJN3) using the restriction enzymes indicated. CONTROL and U266 libraries were subject to amplification using primer pair a1:a2 (lanes 1 and 2). CONTROL and JJN3 libraries were amplified using primer pair m1:m2 (lanes 3-6). The 5.0 kb JJN3/ClaI product (lane 6) was digested with RsaI (lane 7).
hybridise upstream to the reported U266B1 breakpoint sequence confirmed that this fragment contained 11q13 sequences recombined to S␣1 (data not shown).
Cloning non-germline switch region DNA fragments from multiple myeloma patient bone marrow samples
In MM patients a single clone of malignant plasma cells accumulates in the bone marrow (generally 10% of cells or greater). These cells are present at much lower levels in the peripheral blood. Performing LDV-PCR using the 3ЈS, 3ЈS␥ and 3ЈS␣ specific primer pairs on vectorette libraries constructed from genomic DNA isolated from MM patient bone marrow and matched blood as a control should allow detection and isolation of switch recombination events (both legitimate and illegitimate) which have occurred in the myeloma clone against a background of germline bands which will be common to both blood and bone marrow.
Vectorette libraries (BamHI, ClaI, EcoRI, HindIII, PvuII, RsaI) were constructed using DNA isolated from bone marrow and peripheral blood samples obtained from four patients with multiple myeloma. Patients 1, 2 and 3 were shown to be IgG producing and patient 4 to be IgA producing. All four cases contained greater than 20% malignant plasma cells within the bone marrow as estimated by immunophenotypic analysis (data not shown). Using LDV-PCR bone marrow specific bands could be repeatably obtained for all four patients (Figure 4) .
For patient 1, amplification of HindIII libraries with primer LDV-PCR analysis of DNA isolated from peripheral blood and bone marrow of multiple myeloma patients. Vectorette libraries were constructed with genomic DNA isolated from blood (PB) and bone marrow (BM) samples obtained from four patients with multiple myeloma. With patients 1, 2 and 3, LDV-PCR amplification of HindIII vectorette libraries with primer pair g1:g2 produced fragments specific to the bone marrow 1.9 kb, 1.8 kb and 2.7 kb in size, respectively (marked with arrows), in addition to the expected 3.3 kb germline band present in both blood and bone marrow. For patient 4, amplification of (PB) and (BM) HindIII libraries with primer pair m1:m2 produced a 2.3 kb bone marrowspecific fragment (marked with an arrow). pair g1:g2 produced a 1.9 kb fragment specific to the bone marrow, in addition to an expected 3.3 kb germline band present in both blood and bone marrow (Figure 4) . The 1.9 kb bone marrow-specific fragment was cloned and partially sequenced. DNA sequence obtained from the vectorette end of the fragment matched exactly with the reported germline sequence of the S flanking region starting at a HindIII site located approximately 900 bp upstream from the start of the S pentameric repeats (data not shown). Sequencing the other end of the product revealed a perfect match with known germline S␥1 3Ј flanking sequence initiating at the g2 primer binding site. These data imply that the 1.9 kb HindIII-vectorette product represents a myeloma clone-specific legitimate switch from to ␥1. This is consistent with patient 1 being an IgG producing myeloma.
Non-germline, bone marrow-specific fragments 2.3 kb and 2.7 kb in size were also generated for patients 3 and 4 respectively with HindIII vectorette libraries (Figure 4) . Partial sequence analysis of the 2.3 kb patient 4-specific product identified 5Ј S sequence initiating from the same 5Ј HindIII site used by the 1.9 kb patient 1-specific product at the the vectorette end of the fragment and 3Ј S sequence starting from the m2 primer at the opposite end. Additionally, sequencing the 2.7 kb patient 3-specific product characterised 5Ј S␥2 sequence starting from a HindIII site at the vectorette end of the fragment and 3Ј S␥2 sequence from the primer g2 at the other. In germline, primers m2 and g2 are separated from the closest 5Ј HindIII sites by approximately 5.0 kb and 3.3 kb of intervening S and S␥2 DNA, respectively. Therefore, it would appear that internal deletions of about 2.7 kb and 0.6 kb in S and S␥2 have occurred within the myeloma clone present in patients 3 and 4, either by the looping out and deletion of DNA within a single switch region, or by trans-recombination involving the same switch region from both the productive and non-productive IgH alleles. Internal switch region deletions have not been reported in MM cells to date. However, a deletion of several kilobases within S has been observed in a B cell line derived from BALB/c mice. 30 
Analysis of a novel t(14;22) breakpoint isolated from a primary multiple myeloma tumour sample
LDV-PCR using primers g1:g2 on HindIII vectorette libraries made from patient 2 blood and bone marrow resulted in a bone marrow-specific 1.8 kb product, almost identical in size to the 1.9 kb product produced using the same primers for patient 1 (Figure 4) . However, sequencing of this 1.8 kb fragment from the vectorette end identified 84 bp of sequence which demonstrated no significant homology to any published chromosome 14 sequences. This 84 bp region was fused to a sequence which matches exactly with the reported germline 5Ј S flanking sequence starting from a point approximately 300 bp 5Ј to the start of the S pentameric repeat region ( Figure 5 ). Analysis of sequence data generated from the opposite end of this 1.8 kb product identified a 100% match (except for a small region containing deletions of 1 bp and 7 bp: see Discussion) to germline S␥2 3Ј flanking sequence starting at the g2 primer ( Figure 5 ). This implies that this 1.8 kb fragment has the structure 5Ј-84 bp unknown sequence (Ch ?)-switch sequence (5ЈS)-␥2 switch sequence (3Ј S␥2)-3Ј and has been generated by at least two separate recombination events (see Figure 5) . Two PCR primers (gmp1 and gmp2) were designed to bind to this unknown 84 bp sequence, and PCR was performed on a human monochromosomal somatic cell hybrid DNA panel. 29 A single band of the expected size was obtained from human positive control DNA and from the hybrid containing human chromosome 22, but not from mouse and hamster negative control DNA or from any of the other hybrids containing chromosomes 1-21, X and Y (data not shown). Consistent with this result, a DNA database homology search revealed that the 5Ј 84 bp sequence obtained from the 1.8 kb patient 2 product matched 100% to a chromosome 22 PAC clone (DJ130H16) which has recently been sequenced by the St Louis Genome Sequencing Center. The PAC DJ130H16 sequence has been mapped to 22q12 (Dr J Collins, Sanger Centre, personal communication), which indicates that the patient 2 translocation can be further defined as t(14;22)(q32;q12). Interestingly, analysis of PAC DJ130H16 sequence reveals that the breakpoint in patient 2 occurs within a gene, specifically between exons 2 and 3 of a 12 exon gene which shows similarity to squid retinal-binding protein. 31 Furthermore, a single round of PCR with a primer (gmp0) designed to bind to PAC clone DJ130H16 sequence upstream from that contained within the 1.8 kb patient 2-specific product and either of two primers (gmp3 and gmp4) which hybridise to the 5Ј S flanking region ( Figure 5 ) produced bands of 155 bp and 288 bp when used with patient 2 bone marrow DNA, but was negative with patient 2 blood or normal germline DNA (data not shown). These results strongly suggest that the 1.8 kb HindIII-vectorette product represents a
Figure 5
Structure and partial sequence of the 1.8 kb patient 2-specific product. The structure of the 1.8 kb fragment is shown as a schematic diagram. The amount of DNA sequence obtained from each end of the fragment is indicated by horizontal lines (a) and (b). The exact location of the 5ЈS-3ЈS␥2 breakpoint has not yet been determined. (a) Sequence obtained from the vectorette end of the 1.8 kb patient-specific fragment is shown (lower case, accession number AJ010127) aligned with sequence from chromosome 22 PAC clone DJ130H16 (upper case, accession number AC004997). The breakpoint from 100% match with DJ130H16 sequence to 100% match with germline 5ЈS sequence 25 is marked by vertical arrows (there is 2 bp homology between DJ130H16 and 5ЈS sequences at this point). PCR primers gmp0-4 are marked in bold and underlined, sequence corresponding to the ligated vectorette unit is shown in bold, and the HindIII recognition site is overlined. (b) Sequence from the 3Ј end of the 1.8 kb patient 2-specific fragment is shown in lower case. This sequence matches exactly with that reported for germline 3ЈS␥2 26 except for two deletions of 1 bp and 7 bp (upper case). Sequence corresponding to PCR primer g2 is marked in bold and underlined.
breakpoint specific for the myeloma clone in patient 2 for a chromosome 14-22 translocation. To date, translocation of chromosome 22 sequences into the IgH locus has not been reported in any myeloma cell lines or primary myeloma tumours.
Discussion
We have applied LDV-PCR to isolate legitimate and illegitimate switch recombination breakpoints from both MM cell lines and primary MM tumour material. A number of other B cell neoplasms such as sporadic Burkitt's lymphoma and HIVassociated non-Hodgkin's lymphoma can present with translocations in Ig switch region sequences. 32 Therefore, it should also be possible to apply LDV-PCR to detect and isolate breakpoints in these cases. It should be noted that although translocation breakpoints in the IgH locus can be identified, the actual deregulated oncogene is often located many kb away from the breakpoint so no part of the gene need be contained on the vectorette sequence isolated.
Our LDV-PCR data predict the presence of a novel t(14;22)(q32;q12) breakpoint in patient 2. To date, such a translocation has not been detected cytogenetically in MM cases. However, cytogenetics fails to detect a number of 14q+ translocations which have been identified at the molecular level as occurring repetitively in MM, [20] [21] [22] including translocation of the FGFR3 gene by t(4;14)(p16;q32) and translocation of the c-maf gene via t(14;16)(q32;q23). It is possible that the extreme telomeric position of the IgH gene could explain the failure of classical cytogenetic techniques to detect certain translocations involving this locus in MM, and that this could be the case for t(14;22)(q32;q12) as well. A recent comparative genomic hybridisation analysis of chromosomal gains and losses in MM identified gains of 22q occurring in approximately 10% of cases. 33 This is consistent with the presence of one or more oncogenes important in the pathogenesis of MM on the long arm of chromosome 22 that could be activated by translocation to 14q32.
A recent study by Stec et al 34 has shown that, in addition to causing FGFR3 overexpression, a number of t(4;14)(p16;q32) translocations in MM also result in the merging of a candidate gene for Wolf-Hirschhorn syndrome (WHSC1) with the IgH locus and the possible generation of WHSC1-IgH fusion transcripts. Since the breakpoint in patient 2 occurs within a gene we are currently investigating whether t(14;22)(q32;q12) results in the expression of hybrid or truncated transcripts involving this gene and the IgH locus.
To our knowledge, t(14;22)(q32;q12) represents the first translocation in MM to be isolated initially from a primary tumour rather than a MM cell line. Analyses of translocations in MM cell lines are likely to contain a bias towards those favouring the formation of cells capable of growth in vitro. For example, t(11;14)(q13;q32) involving the BCL1/cyclin D1 oncogene has been detected in more than 25% of MM cell lines analysed to date, 17, 18 but a recent study by Fonseca et al 35 observed t(11;14)(q13;q32) in only 13 of 263 (4.9%) primary MM cases, and of these only three patients had the translocation at the time of initial presentation. The ability to rapidly isolate breakpoints from primary tumour material will help to determine the full range and prevalence of translocations in MM.
The t(14;22) breakpoint in patient 2 is located approximately 300 bp upstream from the start of the S repeats. Other studies have previously shown recombination sites to be distributed throughout the S region and its flanking regions. 36, 37 Our finding is consistent with their conclusion that recombination does not necessarily have to take place with the pentameric repeat region iself. Downstream of the t(14;22) breakpoint there is a joining of 5ЈS to 3ЈS␥2 sequences indicating that two recombination events have occurred in patient 2, presumably on the non-productive IgH allele as myeloma cells from patient 2 still express monoclonal IgG. It is not possible to determine the order in which these two recombination events occurred. However, work on murine plasmacytoma cell lines (an animal model for MM) has established that c-myc often translocates first into S, and then 'remodels' into the structure c-myc-S-S␣ via a second recombination event. 38 This results in a closer juxtaposition of c-myc to the 3Ј IgH LCR, and therefore it has been postulated that this remodeling results in enhanced expression of c-myc. It is possible that a similar selection event has happened in patient 2, which would have important implications for the pathogenesis of MM.
Sequence analysis of the vectorette end of the 1.8 kb patient 2-specific product revealed perfect matches with reported germline chromosome 22 (PAC clone DJ130H16) and chromosome 14 (5ЈS) sequences. However, sequencing from the opposite end 3ЈS␥2) of the product identified two deletions of 1 bp and 7 bp compared to the germline sequence reported for 3ЈS␥2. 26 The presence of these deletions were confirmed by the direct sequencing of patient 2-specific products generated from several independently performed PCR reactions and therefore are unlikely to be the result of errors during PCR amplification. Mutations including deletions and substitutions have been found in a number of recombined switch regions and it has been suggested that error-prone DNA replication is involved in the process of switch recombination. 30, 36, 39 The molecular mechanism of immunoglobulin switch recombination is not clear and contradictory evidence supporting different models has been produced. For example, Li et al 39 have analysed extrachromosomal constructs containing two switch regions which have been transfected into B cell lines and observed mutations on either but not on both sides of the switch junctions produced. In contrast, analysis of S/S␥3 recombination breakpoints isolated by PCR from mitogen-stimulated murine B cells identified mutations on both sides of the crossover point. 30 Both these studies analyse recombination breakpoints which have been generated in vitro. LDV-PCR allows the generation of PCR products containing switch recombination breakpoints that have been generated in vivo (eg the 1.9 kb patient 1-specific product which represents a S/S␥1 recombination). Analysis of this product and the isolation of other legitimate switches that have occurred in germinal centres could help to distinguish between the different models developed to explain how switch recombination occurs.
In conclusion, we have demonstrated the ability of LDV-PCR to rapidly isolate and characterise both legitimate and illegitimate breakpoints from switch recombination events. This should assist both in the elucidation of the mechanism of normal switch recombination, and in the identification of novel oncogenic sequences which are translocated to the heavy chain locus in MM and possibly other B cell neoplasms.
